Soil salinization is a crucial issue in arid and semi-arid regions, especially for reservoir-based irrigation systems. In this study, the HYDRUS-1D model was used to investigate soil salinity resulting from seepage from a lowland reservoir in Xinjiang province, China. After successfully developing a model to simulate field observations, it was used to evaluate four hypothetical scenarios with different groundwater (GW) salinities and depths to GW. The model was calibrated, validated, and run for scenarios with periods of 367, 363, and 436 days. Root mean square error values of soil water and soil salinity ranged from 0.000 to 0.053 cm 3 /cm 3 and 0.56 to 5.66 g/L, respectively, during calibration, and from 0.009 to 0.039 cm 3 /cm 3 and 1.86 to 7.52 g/L, respectively, during validation. The results indicate that soil salinity downstream of the reservoir depends strongly on the depth to the GW level, while GW salinity has a much smaller impact. Controlling leakage from lowland reservoirs to avoid rising GW levels is therefore important to minimize soil salinization. These findings are generally useful for lowland reservoir design and construction, and for irrigation management in arid regions. Key words | groundwater, HYDRUS-1D, lowland reservoir, soil salinization, unsaturated zone, water salinity irrigation, drinking, and industrial water. There are more than 578 reservoirs of various types in Xinjiang (Wang et al. ), most of which are lowland reservoirs, with a total capacity of approximately 1.35 × 10 4 km 3 .
INTRODUCTION
In arid inland regions, because the annual evapotranspiration potential is higher than the annual precipitation level, artificial irrigation is vital for agricultural production (Scan- Lowland reservoirs are advantageous because of low water costs and convenient transportation, so they cannot be replaced entirely by mountain reservoirs that do not cause soil salinization (Yan et al. ) . Therefore, the impact of lowland reservoirs must be controlled by proper planning and management. This requires an understanding of the hydrogeological conditions near a lowland reservoir in both the GW and the vadose zones.
Modeling studies have been carried out to assess the relationship between soil salinization and the GW table Simunek et al. ). HYDRUS-1D has also proved to be a successful tool for describing water content and solute concentrations when in situ measurements (Ramos et al. ) .
In this study, the HYDRUS-1D model was used to describe the movement of water and salinity in the vadose zone.
Although soil salinization and water movement in the vadose zone have been studied extensively, few studies of these properties in lowland reservoir exist, especially those comparing the impact of GW depth and GW salinity on soil salinization through specific models and data. In this study, a 2-year-long field experiment was conducted to monitor GW levels, soil water contents, and salinity relationships before simulating soil moisture and salinity migration in the area surrounding a lowland reservoir. Different GW levels and salinity scenarios were then used to evaluate the effects of GW depth and salinity on soil salinization.
STUDY AREA AND DATA
The study site (44 12 0 N, 87 48 0 E) is located in northwestern Table 1 ). All monitoring well depths ranged from 11.8 to 20.5 m. Due to the CJ3-3, CJ3-4, and CJ3-5 monitoring wells being too small to collect GW samples, they were used to investigate the soil water content, salinity, and GW depth. The monitoring section of the reservoir was sampled approximately every 2 months during a 2-year period from August 2012 to November 2014.
Soil water content, salinity, and soil samples were collected at increasing depths from eight profile layers: 0-30, 30-60, 60-100, 100-150, 150-200, 200-250, 250-300, and 
HYDRUS-1D model
The HYDRUS-1D model package (version 4.16) was used to simulate the coupled processes of water vapor and solution transport in the downstream zone of the reservoir. In the HYDRUS-1D model, vertical soil water movement was simulated using the Richards equation. The average daily soil water contents measured on 28 August 2012 were used as the initial conditions. The upper boundary condition was set as an atmospheric boundary (precipitation and evaporation), while the variable pressure head was set as the lower boundary. The One-dimensional uniform (equilibrium) water movement in a partially saturated rigid porous medium was described using a modified form of the Richards equation.
The simulation model was generalized as a homogeneous soil saturated-unsaturated one-dimensional unsteady flow model. The governing equation and the solution conditions are as follows:
where θ is the volumetric soil water content (VSWC) (L 3 L À3 ); h is the pressure head (L); z is the vertical coordinate (positive downward) (L); t is the time (T); K is the unsaturated hydraulic conductivity (L T À1 ); and S is the sink term accounting for root water uptake by plants (T À1 ), which is set to 0 for exposed areas.
Components θ and K are determined from the van Genuchten-Mualem model (van Genuchten ). The expressions of van Genuchten () are given by:
(2)
where θ(h) is the soil water characteristic curve; θ r and θ s denote the residual and saturated volumetric water contents, respectively; h is the pressure head (L); K(h) is the unsaturated hydraulic conductivity (L T À1 ); K s is the saturated hydraulic conductivity (L T À1 ); S e is the effective saturation (%); l is a pore-connectivity parameter (Mualem ) in the hydraulic conductivity function, with an assumed average of approximately 0.5 for many soils; and α (L À1 ), n [À], and m [À] are empirical coefficients affecting the shape of the hydraulic functions.
Soil-soluble salt (water flow) was selected as the research object and as the main index in the model. The mathematical model of solute transport in saturated-unsaturated soils was established using the solute transport theory for porous media:
where θ is the VSWC (L 3 L À3 ); c is the concentration of salinity in the liquid phase (M L À3 ); s is the concentration of salinity in the solid phase (M L À3 ); D is the dispersion coefficient (L 2 T À1 ); q is the volumetric flux density (L T À1 ); ρ is the soil bulk density (M M À3 ); μ w is the first-order rate constant for solutes in the liquid phase (T À1 ); μ s is the first-order rate constant for solutes in the solid phase (T À1 ); γ w and γ s are the zero-order reaction rate constants of the liquid and solid solutes, respectively; S is the source-sink of the equation (T À1 ); and c s is the solute concentration in the sink term (M L À3 ).
HYDRUS-1D modules were used to apply two different approaches to relate solutes in the liquid and solid phases, including the standard HYDRUS-1D module and the major ion chemistry module (UNSATCHEM) (van Genuchten & Simunek ). The standard HYDRUS solute transport module was applied to the solution transport considered in this study. (Table 2) . Due to leakage, the GW level rose significantly after the reservoir was completed in 2004 in the wells that are closer to the reservoir. The GW depths in CJ1-1, CJ1-2, CJ2-1, CJ2-2, CJ2-3, CJ3-1, and CJ3-2 fluctuated quickly over large ranges, while those in CJ1-3, CJ1-4, CJ1-5, CJ2-4, CJ2-5, CJ3-3, CJ3-4, and CJ3-5 fluctuated slowly, which is consistent with their distance from the dam ( Fifteen GW monitoring wells were arranged downstream of the reservoir, while CJ3-3, CJ3-4, and CJ3-5 were silted up for the experiment. The mineral contents of water generated from the remaining 12 monitoring wells were investigated. A total of 144 samples were collected from all wells during the 2-year monitoring period. The data showed that, during 2 years of operation, the GW salinity in these wells fluctuated only slightly (Table 3) . However, the average annual GW salinity in the 12 monitoring wells ranged from 0.32 to 38.83 g/L (Table 3 ). The GW average annual mineral content was lowest at CJ1-5 (0.32 g/L) and highest at CJ2-1 (38.82 g/L).
RESULTS AND DISCUSSION
The minimum GW mineral content was 0.27 g/L, which was at monitoring well CJ1-2 (26 April 2013). The maximum GW salinity was 48.07 g/L at CJ2-2 (3 November 2014).
Because the GW depth of CJ2-1 changed substantially and exhibited high GW salinity (Table 3) (Table 4 ). The soil is composed of 38% sand, Table 4 .
Calibrating and validating the HYDRUS-1D model
Soil properties of site CJ2-1 (Table 4) (Figure 4) .
The modeled parameters of water content variation have a better fit to the observed data than those of soil salinity. These RMSE results showed that the model exhibits a good fit; thus, the calibrated soil hydraulic parameters (Table 5 ) reflect the soil hydraulic transport properties at the study site. Each layer was described using the nine parameters. Table 5 lists the van Genuchten-Mualem parameters for the CJ2-1 field site. Identical soil hydraulic 
Scenarios
In order to investigate the movement of soil water and soil salt in the unsaturated zone downstream of the lowland reservoir, four scenarios with different initial conditions were established using distinctly different GW depths and GW salinity values (Table 6) Table 3) with an average GW depth from CJ2-1 (GWD1; 3.35 m, Table 2 ); (c) a low GW TDS (GWS1; 0.35 g/L, Table 3) with a GW depth from CJ2-1 in September 2004 (GWD2; 
VSWCs in simulated scenarios
Soil water movements under different GW depths and GW mineralization degrees were identified using HYDRUS-1D
( Figures 5 and 6) . Scenarios A and B present similar and almost identical trends, as do scenarios C and D, as both pairs had the same GW depths ( Figure 5 ). This may be because mineralization had a negligible effect on soil water movement at the same GW depth. By comparing scenario A with scenario C, and scenario B with D, the transport of soil water in soil layers at depths of 30, 60, 100, and 150 cm all exhibited similar curves. However, the tracks of the other four horizons at depths of 200-350 cm were all different; the deepest layer showed a particularly large difference. These results indicate that surface VSWCs (0-60 cm depth) may be critically affected by atmospheric conditions, while VSWCs in deeper layers correlated with GW depth.
Thus, it may be because soil water transport is more dependent on the GW depth. have a little effect on the VSWCs in the topsoil (0-60 cm).
The median values of scenarios C and D were similar, as were the median values of scenarios A and B. The VSWCs of soil profiles with the same GW depths and different GW salinity values had similar trends. The box plot medians of scenarios C and D were lower than those of scenarios A and B. These findings may also verify that GW salinity has a little effect on soil water migration and may indicate that the GW depth has a large impact on soil water transportation ( Figure 6 ).
All these results indicated that GW salinity has a little effect on soil water migration, surface VSWCs (0-60 cm) are critically affected by atmospheric conditions, and GW depth has a substantial impact on soil water transportation. The GW in arid regions exhibits overall high salinities; thus, these findings reveal that GW depth plays a more critical role in soil water movement than GW mineralization. As lowland reservoirs with high leakage rates are now widely used for irrigation in arid areas, rising GW levels are a major issue for salinization in the surrounding region.
Soil-soluble salt content in simulated scenarios
Soil salinity transport under different GW depths and mineralization conditions (Figures 7 and 8 transport. Moreover, the median value of soil-soluble salt content at 0-250 cm depth in scenario A was substantially higher than that in scenario C, until the trend inverts at 250-350 cm depth. Figure 6 shows that soil water contents (in the 250-350 cm layer) of GWD1 were higher than those of GWD2.
Additionally, the median values of all soil-soluble salt contents in scenario B were higher than those in scenario D. These findings provide evidence that soil water contents and GW depth play important roles in soil-soluble ion movement. All scenarios indicated that GW salinity has a large influence on the transport of soil salts close to and below the GW table. However, GW depth plays a positive role in soil salinity transport. With increasing GW depth, the effect of GW salinity on soil salinity migration decreases.
At higher GW salinity levels, there may be a greater accumulation of soil-soluble salt closest to the GW depth ( Figure 8 ).
Additionally, soil water contents play an important role in soil-soluble ion movement at 0-250 cm, which is consistent with soil salinity values at 0-60 cm. further research should be conducted using a two-dimensional model that takes lateral variation into account.
CONCLUSION
Lowland reservoirs are uniquely important and widely used in arid areas for irrigation and freshwater supply. However, their high leakage rates are a substantial threat to soil salinization due to an increasing water table. The long-term sustainability of lowland reservoir operation requires a sound understanding of the local soil salinity distribution.
To clarify the mechanism of water and salt behavior, the HYDRUS-1D numerical model was employed to successfully simulate four scenarios characterized by different GW salinities and depths.
The HYDRUS-1D simulation results for the four scenarios revealed that GW salinity has a little effect on soil water movement, and that GW depth plays a more critical role in soil water movement. Soil moisture contents and solute transport in the surface soil depend mainly on atmospheric conditions. Soil moisture content plays an important role in soil-soluble ion movement. Rising GW levels present the largest problem for salinization around lowland reservoirs. The understanding of the relationships between GW depth, salinity, soil water content, and soil-soluble ion movement has been enhanced through the simulations evaluated in this study. These findings can be used to develop safety measures to prevent water logging and salinization, as well as for adaptation and mitigation guidelines to improve reservoir design in areas surrounding lowland reservoirs. HYDRUS-1D proved to be an effective and versatile tool for simulating vertical water and solute transport dimensions.
